In this article, we demonstrate the synthesis of crooked gold nanocrystals (CGNCs) by an electrochemical technique using micelle templates formed by two surfactants with different amounts of isopropanol solvent, the primary surfactant being hexadecyltrimethylammonium bromide (C 16 TABr) and the cosurfactant being tetradodecylammonium bromide (TC 12 ABr). To investigate the influence of isopropanol solvent on the CGNCs, the amount of isopropanol was varied in the range from 50 to 300 mL. It was found that the aspect ratios () of CGNCs were in the range from 1.06 to 1.46, and the UV-vis optical absorption measurement revealed a pronounced redshift of the surface plasmon band from 532 to 560 nm. The CGNCs were composed of many large gold grains with small gold nuclei, and it was determined that several grains are present within each of the CGNCs using a dark-field transmission electron microscopy (TEM) image. It is suggested that the CGNCs have a polycrystalline structure. The CGNCs have been determined to be pure gold with a face-centered cubic (fcc) structure by electron diffraction (ED) analysis. Metal nanoparticles have been extensively studied as active components in a wide variety of fundamental research and technological applications due to their new or improved optical, electric, and magnetic properties compared with their bulk counterparts.
Metal nanoparticles have been extensively studied as active components in a wide variety of fundamental research and technological applications due to their new or improved optical, electric, and magnetic properties compared with their bulk counterparts. 1) Their properties are strongly dependent on their size and shape, and therefore it is very important to be able to finely control the morphology of the nanoparticles. 2, 3) Furthermore, the production of metal nanoparticles by an electrochemical technique has been widely researched since the early research by Reetz and Helbia (1994) . 4) Recently, the electrochemical synthesis of gold nanorods has provided rods with fairly good uniformity and controlled aspect ratio although its growth mechanism remains elusive. 5) For the growth of these nanorods, generally, a template method with a dynamic surfactant micelle system serving as the template is considered to be suitable; the addition of a small amount of organic solvent (i.e., acetone and cyclohexane) to the surfactant solution is necessary for enhancing the formation of the rodlike micelle. 5, 6) Therefore, the electrochemical reaction of organic solvent with surfactant solution is critical for obtaining the proper morphology of nanoparticles, but little research has been carried out on the exact role of organic solvent. Lisieki et al. 7) have prepared a network structure of copper nanowires covering a two-dimensional (2D) space uniformly in a reverse micelle-template system by a chemical reduction method. Until now, to our knowledge, there has been no report on the synthesis of crooked gold nanocrystals (CGNCs) using this simple electrochemical method. In this paper, we present the first example of CGNCs synthesized by an electrochemical technique in the presence of isopropanol solvent with an ionic surfactant. Below we provide high-resolution transmission electron microscopy (HRTEM) images, UV-vis spectrophotometer spectra, electron diffraction (ED) patterns, energy-dispersive X-ray (EDX) spectra, and discuss their formation mechanisms.
The synthesis is conducted within a simple two-electrodetype electrochemical cell. A gold metal plate (3 Â 1 Â 0:05 cm 3 ) is used as the anode and the cathode is a platinum plate (3 Â 1 Â 0:05 cm 3 ); both electrodes are immersed in the electrolytic solution to a depth of about 1.5 cm during the electrolysis. Both electrodes are fixed in place with a Teflon spacer. The spacing between them is kept at 1 cm. Typically, 3 mL of an aqueous solution of 0.08 M cationic surfactant, hexadecyltrimethylammonium bromide (C 16 TABr, 99%; Fluka), and 30 mg of a much more hydrophobic cationic cosurfactant, tetradodecylammonium bromide (TC 12 ABr, >98%; Fluka), were used as the growth solution. Different amounts of isopropanol (2-propanol, CH 3 CH(OH)CH 3 ; J. T. Baker) solvent were added to the growth solution. The electrolysis was carried out under constant ultrasonication (ELMA T710DH, Germany) at 40 kHz for 25 min. The typical current was set at 5 mA, and the temperature was held constant at 40 C. Following the synthesis, the resulting solution was centrifuged (Hettich MIKO-22R, Japan) at 6500 rpm for 20 min, and the supernatant was collected to enable the measurement of absorption spectra with a Hitachi 3310 spectrophotometer using a 1.5 mL cavity sorted cuvette at room temperature. Centrifugation is helpful for further increasing the yield of Au nanoparticles, since it enables the separation of the gold nanoparticles from the reaction medium. The optical absorption (abs) is calculated using the following formula: 8, 9) abs ¼ logðI i =I t Þ;
where I i is the intensity of the incident light and I t the intensity of transmitted light. It should be noted that abs includes the true absorption and scattering; however, the scattering is small, so we hold abs as true absorption. The above supernatant was centrifuged again at 12000 rpm for 20 min, the precipitate was collected and redispersed in 0.5 mL of ethyl alcohol (99.8%; J. T. Baker), and then a drop of the resulting mixture was placed on a standard 200-mesh 3 mm copper grid coated with a thin carbon film (Agar Scientific, England) and allowed to dry for 16 h in N 2 ambient at room temperature for transmission electron microscopy (TEM) and electron diffraction (ED) analysis (Philips Tecnai G2 F20). The TEM was operated at 200 kV. The diameter and length of the CGNCs were analyzed using over 200 nanoparticles in TEM images. The shortest dimension of rodlike particles was defined as the particle size (diameter), and the longest dimension was defined as the particle length. The distributions of size (diameter) and length for each sample were determined by manual and statistical measurements using TEM images.
Figures 1(a)-1(e) shows the TEM images of gold nanoparticles formed by the addition of 50, 100, 150, 200, and 300 mL of isopropanol solvent. The results clearly show that the shape of the gold nanoparticles can be changed by altering the amount of isopropanol solvent. When the amount of isopropanol is 50 mL, as for image (a), the gold nanoparticles are almost spherical. When the amount of isopropanol is increased in the range from 100 to 150 mL, the gold nanoparticle shape begins to change from a sphere to CGNC shape, as shown in images (b) and (c). When the amount of isopropanol is 200 mL, the length of CGNCs increased, as shown in image (d). When the amount of isopropanol is 300 mL, the TEM image shown in Fig. 1(e) consists of mostly spherical particles with a very small amount of CGNCs. The typical the average diameter (d average ), average length (l average ), and standard deviation () of CGNCs are shown in Fig. 2 . A statistical counting of more than 200 particles revealed that the average diameters of CGNCs as functions of 50, 100, 150, 200, and 300 mL isopropanol amounts were 29:4 AE 10:4, 31:8 AE 12:1, 35:4 AE 13:5, 32:9 AE 10:2, and 33:6 AE 9:4 nm, respectively. The diameter distributions of the CGNCs were not absolutely uniform. In addition, the average lengths (l average ) of CGNCs as functions of 50, 100, 150, 200, and 300 mL isopropanol amounts showed lengths of 31:2 AE 11:1, 40:5 AE 15:6, 45:6 AE 17:9, 48:1 AE 18:3, and 34:7 AE 12:3 nm, respectively. The aspect ratios () for these CGNCs are 1.06, 1.27, 1.28, 1.46, and 1.03 nm, respectively; where is defined as the ratio of the length to the diameter of a cylinder. As can be seen, there is an apparent increase in the aspect ratio with increasing amount of isopropanol between 50 and 200 mL. However, by controlling the amount of isopropanol, we expect to obtain longer and CGNCs. A much more marked effect on the surface plasmon absorption was found when the nanoparticle shape was changed. 10 ,11) Figure 3 shows the UV/vis absorption spectra of CGNCs with different amounts of isopropanol solvent. Figure 3 shows the red shift in the surface plasmon absorption when the shape of the particle changes from a sphere to CGNC shape in the range of 50-200 mL. Such changes in the surface plasmon absorption of gold nanoparticles can be related to those predicted at various values. According to simulated absorption spectra, 12) the surface plasmon absorption centered at 570 nm corresponds to an value equal to 2.5. From theoretical predictions, such an value ( ¼ 3:5) corresponds to a higher shift in the plasmon absorption (620 nm). In our experiment results, the shape of gold nanoparticles was almost a sphere when the amount of isopropanol was 50 mL, as shown in Fig. 1(a) , for which centered surface plasmon absorption and value were obtained as 532 nm and 1.06, respectively. Furthermore, for the imagery analysis of the skeleton of crooked particles [ Fig. 1(d) ] corresponding to a plasmon absorption centered at 560 nm, the value was obtained as 1.46. Hence, different shapes of gold nanoparticles correspond to different values, for which the surface plasmon absorption will be redshifted. 13, 14) The UV/ vis absorption spectrum always corresponds to the structure of CGNCs. Figure 4 shows the HRTEM image of the obtained CGNCs at isopropanol amount of 200 mL. Particles of various shapes, including spheres ($30%) [ Fig. 4(b) ], Ishape ($50%) [ Fig. 4(c) ], and C-shape ($20%) [ Fig. 4(d) ], are observed. A selected-area electron diffraction (SAED) pattern shown in the inset of Fig. 4(a) clearly demonstrates that the characteristic rings in the polycrystalline diffraction pattern can be indexed to {111}, {200}, {220}, {222}, {311}, and {400} crystalline facets, allowing concentric rings whose sequence corresponds to a face-centered cubic (fcc) lattice Au phase. 15) Recently, Pei and coworkers 16, 17) reported that a 2D network gold nanowire structure was formed by citrate reduction of AuCl 4 À with a low concentration of citrate, and the ED of Au nanowire exhibited a characteristic ring in the polycrystalline diffraction pattern. Their structures were quite similar to our CGNCs. Figure 5 shows TEM images of CGNCs produced with the isopropanol amount of 200 mL with scale bars of (a) 20 nm, (b) 5 nm, and (c) 2 nm. For CGNCs, their morphologies are related to their atomic lattices. Figure 5(c) shows a HRTEM image of part of a single CGNC with a diameter of around 6 nm, where part of a particle can be seen at the waist of the CGNC. In addition, the lattice planes continuously extend over the entire particles without stacking faults or twins, indicating that the waist of CGNCs had a singlecrystalline lattice. In Fig. 5(c) , a lattice plane with a measured interplanar distance of 0.153 nm is shown. Figure 6 shows the bright-field (BF) TEM image of CGNCs and the corresponding dark-field (DF) TEM image. In the BF images, as shown in Fig. 6(a) , variation in diffraction contrast is apparent along the length of the CGNCs. Using DF imaging analysis as shown in Fig. 6(b) , it was determined that this contrast arises from segments of individual grains oriented for strong Bragg scattering. In the DF images, several grains exhibiting strong diffraction contrast are simultaneously visible as small, bright regions in these CGNCs. A comparison between the BF image and the corresponding DF TEM image shows the distribution of Au grains is not uniform. It is clear that the CGNCs were composed of many Au grains and that several grains are present within each CGNC, that is, they are polycrystalline. The samples of CGNCs were confirmed to be Au by EDX spectrometer measurements of the CGNCs surface, as shown in Fig. 7 . No other element was detected by the EDS analysis, indicating that the nanoparticles were pure gold. The Cu peak in the chart shown in Fig. 7 is from the Cu grid used to hold the nanoparticle during test. At this stage, it is not yet clear which components are dominant in the above actions. However, all the above results show that synthesis with a micelle template of surfactant with the addition of isopropanol solvent is the key step for the formation of CGNCs. On the basis of the results of the above studies, we can hypothesize that the formation of CGNCs is as follows: First, we surmise that the micelle template of surfactant may be responsible for the crooked and chain-like structure of the CGNCs. As similarly reported in the previous studies, 18) when a solvent of alcohol or amine was added to a surfactant solution, it could usually dissolve the polar group of surfactant at the hydrocarbon/water interface of the micelle. Hence the solvent decreases the surface charge density of ionic micelles and thereby promotes the formation of micelle geometries with a lower mean curvature such as rods, discs, or other shapes. Second, we discovered that the sizes of the Au particles produced by the electrochemical growth process with the addition of isopropanol solvent are not uniform from observation of the TEM image shown in Fig. 1 . Furthermore, the CGNCs were determined to consist of several large particles (Au grains) with many small gold nuclei (or gold atoms) from the analysis of DF and HRTEM images as Figs. 6(b) and 5(c), respectively. Therefore, the addition of isopropanol solvent leads to the formation of large gold particles and small gold nuclei or gold atoms during electrochemical growth. The mechanism is considered to comprise two main processes: (i) the formation of gold atoms and small gold nuclei as precursors, and (ii) the subsequent anisotropic coalescence of these precursors leading to CGNC formation, that is to say, the gold atoms and or small gold nuclei may act as seeds for the growth of nanoparticles and the formation of CGNCs. The small gold nuclei or gold atoms in such an unstable state have been reported to show a tendency to undergo fusion into wire-like structures. 19) Yonezawa et al. 20) found that their unstable 2.7-nm sized gold particles displayed automatic fusion into larger particles in one-dimensional assemblies to form wirelike structures. However, the mechanism of the growth of CGNCs by the electrochemical method and its relation to isopropanol solvent are still under investigation.
In summary, we report the first deliberate use of isopropanol solvent in the surfactant micelle template of the electrochemical technique. It was shown that isopropanol solvent plays an important role in the formation of CGNCs, and the mechanisms were investigated by optical absorption spectroscopy and electron microscopy. The aspect ratios () of gold nanoparticles can be changed by using different amounts of isopropanol. Different shapes of CGNCs correspond to different values, and surface plasmon absorption is redshifted in the range from 532 to 560 nm. The CGNC structure was made up several large particles with many small gold nuclei. From the ED observation, the characteristic ring in the polycrystalline diffraction pattern corresponds to a fcc lattice Au phase. The formation of CGNCs by the electrochemical technique is a promising technique for preparing nanoscale devices consisting of nanoparticles and nanowires with desired characteristics.
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